Abstract: Fault diagnosis (FD) is an important component in modern nuclear power plant (NPP) supervision to improve safety, reliability, and availability. In this regard, a significant amount of experience has been gained in FD of generation II and III water-cooled nuclear energy systems through active research. However, new energy conversion methodologies as well as advances in reactor and component technology support the study of different FD methods in modern NPPs. This paper presents the application of the enthalpy-entropy (h-s) graph for FD of generation IV nuclear high temperature gas-cooled reactor (HTGR) components. The h-s graph is adapted for fault signature generation by comparing actual operating plant graphs with reference models. Multiple input feature sets (patterns) are generated for the fault classification algorithm based on the error, area, and direction of the fault residuals. The effectiveness of the FD method is demonstrated by classifying 24 non-critical single faults in the main power system of the Pebble Bed Modular Reactor (PBMR) during normal steady state operation as well as load following of the plant. Reference and fault data are calculated for the thermo-hydraulic network by means of a simulation model in Flownex ® Nuclear. The results show that the proposed FD method produces different uncorrelated fault signatures for all the examined fault conditions.
INTRODUCTION
High levels of safety, reliability, and availability are challenging technology goals in the development of the next-generation nuclear power plants (NPPs) [1] . Accurate fault diagnosis (FD) plays an important role in these safety-critical systems providing crucial information regarding component health [2] . This work considers the fourth generation nuclear high temperature gas-cooled reactor (HTGR) energy system, with thermohydraulic models such as the Gas Turbine-Modular High Temperature Reactor (GT-MHR), and the Pebble Bed Modular Reactor (PBMR).
FD in NPPs comprises the fault isolation and identification tasks, and can be classified into methods that either utilise model-based or process history based (data-driven) techniques [2] - [4] . Model-based methods require an explicit mathematical system model and knowledge about the domain as well as the relationships between the different patterns of fault evolution. In practice, model-based methods are difficult to implement for systems with complex nonlinear dynamics such as NPPs, and are therefore mostly limited to linear applications or linear model approximations [2] , [5] . Data-driven methods on the other hand, develop models from historical input-output process measurements, and require high quality (calibrated) and volume training data [2], [6] . These techniques are extensively studied for application in current water-cooled NPPs owing to the availability of system data and knowledge [2], [7 -11] . Ma et al.
[2] presents a complete review of current model-based and data-driven FD methods for monitoring different subsystems in NPPs.
Transients in NPPs can be initiated by component failure or malfunction [2] , [11] . During a transient period, plant measurements develop unique patterns that differ from normal operating conditions. To date, artificial neural networks (ANNs) are the mostly studied algorithm for pattern classification in NPPs [2], [11] . However, practical applications in NPPs are still limited [2] . The main disadvantages of ANNs are their "black-box" structure (they do not offer justification or reasoning for their output), inflexibility regarding network adjustments (retraining needed), and the high volume of training samples required. Given these challenges, this research adapts the enthalpy-entropy (h-s) graph originally employed for analysis of a process's thermodynamic cycle to facilitate FD of new HTGR components. The application of this method inherently provides a transparent classification model that can be physically interpreted (i.e. heat transfer and work of different thermo-hydraulic sub-processes) while supervising only a minimum number of system variables. Furthermore, the proposed approach does not require large quantities of historical plant data for model development or retraining of the entire network for changes in reference parameters. [12] . The application of the proposed FD approach is demonstrated by classifying 24 non-critical component faults in the PBMR during normal steady state operation as well as load following of the plant.
THE FAULT DIAGNOSIS APPROACH

Description of the HTGR
The HTGR under investigation, the PBMR, is a fourth generation nuclear energy system concept that employs a single-shaft, closed-loop direct Brayton thermodynamic cycle with helium gas as the primary coolant. This energy conversion methodology offers several advantages over traditional water nuclear reactor systems concerning operation, safety, and economics [13] .
The HTGR design parameters allow for a maximum pressure of 9 MPa, reactor inlet and outlet temperatures of 500 °C and 900 °C respectively, and a 165 MWe output for a 400 MWt input. Figure 1 depicts the power cycle and the interconnection of the different main power system (MPS) components. The figure shows the gas flow path through the MPS and the eight thermohydraulic sub-processes.
The power output of the MPS is manipulated by regulating the gas inventory via the pressure differential between the MPS and the inventory control system (ICS). By using only the ICS, maximum cycle efficiency is achieved at all power levels for normal power operation [14] . 
Analysis of the HTGR thermodynamic cycle
Normal irreversibilities in the thermodynamic cycle, such as fluid friction, pressure losses, heat leakage, and non-isentropic compression and expansion losses, are best described using an h-s graph. The properties h and s facilitate a "non-black-box" fault classification structure that is physically interpretable. The property h describes the system's internal energy as well as the energy that is required to start fluid flow. The change in h for helium gas is defined as [15] ( )
with c p and T the constant pressure specific heat (temperature independent) and temperature respectively.
The property s signifies the amount of internal energy that is not converted into work, and is applied to calculate the theoretical limits of energy conversion. The change in specific s is given by [16] 2 2 2 1 1 1
where T, R, and P denote the temperature, gas constant, and pressure respectively.
Normal system irreversibility alters the characteristics of the ideal cycle and accordingly, changes the shape of the h-s graph. Therefore, if the normal system irreversibility is known (practical cycle), discrepancies can be identified in the actual operating cycle. Plant transients cause the actual cycle graph to deviate from the reference graph model, thus producing residuals (errors) for h and s. The residuals are then used to generate different fault signatures (patterns) that correspond to the specific component malfunction. Figure 2 illustrates the proposed FD approach graphically. The node numbers in the figure correspond to the different sub-processes in the power cycle.
The primary power control mechanism of the HTGR under investigation produces a reference h-s graph model that remains relatively constant over the range of normal power operation. Therefore, different operating points are described with only one reference model. Figure 3 shows the practical cycle of the PBMR on a T-P and h-s graph for minimum and maximum continuous rating (MCR).
The error enthalpy-entropy method
The first FD method utilises the residual errors between the reference and actual operating h-s graphs to generate fault signatures However, (3) produces uncorrelated fault signatures for dynamic fault conditions. Accordingly, the h and s signatures are normalised to obtain graphic patterns that are independent from the fault magnitude. The normalised signatures are described by shows that the signatures are highly correlated with regard to fault direction and magnitude. Therefore, dynamic fault symptoms are described with one normalised h and s reference signature. This characteristic reduces the fault database to a minimum.
The area error enthalpy-entropy method
The second FD method utilises the area and direction of the residual shift between the reference and the actual operating h-s graphs to generate signatures. On each graph, two consecutive nodes (i) and (i + 1) are employed to describe the residual shift by means of a 2-dimensional boundary area. Figure 5 shows a graphical illustration of this signature generation method.
The distance between two graph nodes is given by [17] ( )
where j, l signify the reference a or fault b graphs, and k, m denote nodes i or (i + 1). Equation (5) is computed for nodes that are on the same or different graphs by setting j = l or k = m respectively. The residual area is then described according to the following fault graph variations:
1. the area is an irregular quadrilateral if the fault directions of nodes (i) and (i + 1) are the same (e.g. area 1 in Figure 5 ); 2. the area is triangular if only one fault node shifts (e.g. area 4 in Figure 5) ; and 3. the total area is given by the sum of two triangular areas if the fault directions of nodes (i) and (i + 1) differ (e.g. area 3 in Figure 5 ).
For the first variation, the area is determined by dividing the bounded segment into two triangular areas via a diagonal [18] . In the third variation, an intermediate value is defined at the graphs' crossover point to establish two individual triangular areas. In the first method, different h and s signatures can be derived since (3) is calculated independently for each property. However, the residual areas derived via the area error method jointly summarise the shift in h and s. Therefore, to generate independent h and s signatures, separate fault directions are defined for h and s at fault node (i). Next, the h and s fault directions are multiplied with the corresponding residual area. The h and s area error fault signatures fs area (i) are computed using ( 
with s p the semiperimeter of each triangular area, x, y, and z the triangle side lengths, q the number of triangular areas, and dir (i) the h or s fault direction at node (i) (i.e. positive or negative).
Similar to (4), (6) is normalised to obtain signatures that are independent from the fault magnitude. Figure 6 shows the normalised h and s area error signatures for the turbine pressure ratio fault. If compared to Figure 4 , it can be seen that different uncorrelated h and s signatures describe the component malfunction. The results therefore demonstrate that different fault feature sets can be extracted for the classification procedure via the h-s error and area error methods respectively.
APPLICATION OF THE FAULT DIAGNOSIS APPROACH
Modelling the HTGR
The MPS shown in Figure 1 is modelled using Flownex ® Nuclear [19] . The main advantage of using Flownex ® is that transient simulations are supported as well as advanced nuclear reactor models. Figure 7 shows the thermo-hydraulic model as a component network. The operating point of the model is manipulated by controlling the reactor outlet temperature (ROT), the pressure in the high pressure manifold (via the ICS), and the bypass valves. The system parameters for normal power operation at 100 % MCR are: ROT 900 °C, manifold pressure 9 MPa, compressor bypass valves fully closed, and the turbine-compressor shaft speed 6000 r/min (generator synchronised to power grid). Injection and extraction of helium gas are limited by a maximum ramp rate during MPS power output control. The T and P signals are monitored at the inlet nodes of the eight sub-processes to compute (1) and (2).
Categorisation of the HTGR fault classes
Three classes of component faults are identified via simplified cycle analyses of a three-shaft HTGR [20, 21] . The parameters and range of variation also attempt to describe many system uncertainties, originating from design, manufacturing, measuring, control, etc. The fault classes comprise variations in:
1. leak flows of the primary working fluid; 2. pressure losses in the primary circuit; and 3. component effectiveness or efficiency.
Leakage flows between system nodes are emulated using a resistive element with discharge coefficient (represents a throttling process) [19] . The secondary loss coefficients (k) of the inlet pipe models are changed to vary the pressure losses around the primary circuit. The heat transfer area between the hot and cold streams is decreased to reduce the effectiveness of the heat exchangers. The performance characteristics of the turbo machinery are varied by scaling the pressure ratio and efficiency as functions of corrected mass flow rate for various speed curves [19] .
This study considers 24 non-critical single faults in the HTGR MPS that mainly influence the thermodynamic performance of the plant. The resulting fault transients are characterised by incipient time behaviour (small fault perturbation) and will therefore not initiate a PCU trip or reactor SCRAM (emergency shutdown of reactor). Table  1 presents a summary of the 24 single faults. 
Fault signature generation
Normal steady-state operation of the MPS at 100 % MCR is utilised to model the reference fault-free system. The fault transients are modelled individually as abrupt faults with a 1 % bias value. A small fault perturbation is chosen to demonstrate early FD of incipient faults. Since this work is mainly concerned with fault classification, it is assumed that the fault detection system recognises the onset of a component malfunction. As an example, Figure  8 depicts the signatures of different single faults. The figure shows that the correlation between the signatures is small for both signature generation methods regarding the nodes' residual magnitude and direction.
FD is important during load following of the plant to classify probable dynamic fault conditions. In this example, the following control characteristics are applied to manipulate the steady state operating point:
1. helium is injected and removed at a rate of 7.5 kg/s from the MPS via the ICS; 2. ROT is controlled at 900 °C via the control rods; and 3. GBPC valves are partially opened and closed.
Variations of the steady state reference graph model are utilised to facilitate GBPC valve operation. The results suggest that although GBPC valve operation changes the shape of the reference graph, the altered models remain relatively constant over the range of normal power operation. The fault transients evolve by way of an incipient time pattern (drift) representing a dynamic fault condition. A maximum fault magnitude of 2 % is reached at t = 4000 s. In practice, the examined fault symptoms will develop slowly over time. However, the fault evolution rate is increased to prevent lengthy simulations. FD is realised by comparing the actual operating cycle h-s graph with a reference graph model that includes normal system irreversibilities. Deviations from the practical cycle graph are associated with specific component malfunctions and used to generate different fault feature sets based on the error, area, and direction of the residual. An inventory power control mechanism produces a practical reference graph model that remains relatively constant over the range of normal power operation, which greatly simplifies the computational complexity of the fault diagnostic system. Accordingly, one reference model as well as single fault signatures facilitate FD of various component faults in different sub-processes of the MPS.
Steady state as well as dynamic Flownex ® simulations indicate that all the examined faults can be described with uncorrelated signatures for variations of the normal process. The results show that the proposed approach successfully extracts different fault characteristics via the h-s graph, which can provide a robust FD solution in generation IV HTGRs. Continued research will be focused on applications in different thermo-hydraulic systems. Normalised area error h for injection at t = 2100 s h for steady state at t = 2500 s h for extraction at t = 3000 s h for valve operation at t = 3650 s s for injection at t = 2100 s s for steady state at t = 2500 s s for extraction at t = 3000 s s for valve operation at t = 3650 s
